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While gene therapy is showing promise in the treatment of some diseases, many genes are regulated in ways that are not easily recapitulated by adding back a functional copy of the gene. Therefore, as an alternative to the traditional approach, it may be possible to correct the genetic information directly in the genome or in the messages transcribed from mutant genes. In this way, genetic information is left intact so that the cell may properly regulate the expression and processing of genetic information.
Several classes of catalytic RNAs, or ribozymes, have the capacity to revise genetic information. Group I and Group II ribozymes are derived from naturally occurring Group I and Group II introns, respectively (1) . These introns are found in the genes of a variety of lower eukaryotes and prokaryotes. They differ fundamentally from spliceosomal introns since Group I and Group II introns self-splice from the precursor RNA independent of the spliceosome. The intron adopts the catalytic structure that is capable of cleaving RNA splice sites and ligating the flanking exons together. In addition to self-splicing from RNA precursors, some Group II introns are able to reversesplice into DNA. The splicing activity of these introns can be harnessed as a molecular tool that may potentially revise any gene of interest.
The therapeutic revision of RNA by ribozymes is mechanistically different from that of DNA. To revise RNA sequences, a Group I intron from Tetrahymena thermophila has been adapted for trans-splicing (2) .
Trans-splicing ribozymes splice therapeutic RNA sequences onto a target transcript in a process called ribozyme-mediated RNA repair. Considerable progress has been made in the development of trans-splicing ribozymes for therapeutic applications such as treating sickle cell disease and cancer. The spliceosome has also been shown to trans-splice RNA transcripts (3) . Spliceosomal-mediated RNA trans-splicing (SMaRT) is discussed by Mariano Garcia-Blanco (4) in this Perspective series. To modify genomic DNA, a Group II ribozyme has recently been developed that reverse-splices into target genes of interest (5, 6) . If applicable to mammalian cell genomes, this exciting technology may allow the therapeutic insertion of genetic information into a specific target locus. In this Perspective series article, we report on the progress made in development of Group I and Group II ribozymes as tools to revise RNA and DNA. We will also discuss the hurdles that must be overcome to make clinical use of these molecular therapeutics.
Self-splicing and trans-splicing ribozymes Group I introns are ribozymes that carry out two transesterification reactions in order to excise themselves from a precursor transcript (1) . The self-splicing reaction pathway of the Tetrahymena intron is illustrated in Figure 1 . The 5′ splice site is located in helix P1, which is formed by base-pairing between the exon sequence and the internal guide sequence (IGS) of the intron. The 5′ splice site, adjacent to a G-U pair in P1, is cleaved using exogenous guanosine in the first step of splicing. In the second step of splicing, the final nucleotide of the intron, also a guanosine, is positioned so that the 3′ exon may be ligated to the 5′ exon through the reverse of the first chemical step. Pairing between the 5′ end of the intron and the 3′ exon form P10, which has been implicated in facilitating 3′ splice site selection during the second step of splicing.
A derivative of the Tetrahymena self-splicing intron, known as L-21 (lacking the first 21 nucleotides of the intron), binds to and cleaves oligonucleotide substrates in the trans configuration (Figure 1 ). The IGS of the Tetrahymena ribozyme may be modified to base pair with essentially any sequence as long as a G-U wobble pair is maintained at the splice site. If sequences are present downstream of the ribozyme, the ribozyme ligates this portion of the RNA transcript to the cleavage site of the substrate RNA. These 3′ exon sequences may be changed to potentially any nucleotide sequence. With the ability to "cut and paste" RNA sequences together, trans-splicing ribozymes were quickly recognized to have therapeutic potential in the revision of mutant RNAs.
Ribozyme-mediated RNA repair
To use the activity of trans-splicing ribozymes to treat genetic disorders, a ribozyme IGS may be modified to base pair with a mutant messenger RNA upstream of the mutation in the target transcript. Therapeutic sequences are incorporated into the ribozyme transcript as a "3′ exon" that will be ligated to the cleaved target in the second step of splicing (Figure 2 ). Because the ribozyme modifies the RNA transcript posttranscriptionally, the natural transcriptional regulation of the gene is maintained.
The success of ribozyme-mediated RNA repair is contingent on many factors. First, the ribozyme transcripts must be delivered to or expressed in the appropriate cells. Like many gene therapy strategies, this may be accomplished using viral vectors to express the ribozyme transcript intracellularly. Also, trans-splicing ribozymes must be designed so that they specifically recognize the target transcript in a cell. Finally, transsplicing must accurately revise its RNA target such that the repaired RNA may be functionally translated in the cell. We report on recent developments in evaluating the efficiency, specificity, and fidelity of transsplicing ribozymes.
Recent advances in repair of mutant RNAs by trans-splicing ribozymes
The concept of ribozyme-mediated RNA repair was first demonstrated in Escherichia coli (2) and in cultured mammalian cells (7) . The Group I intron from T. thermophila was engineered to repair truncated lacZ transcripts via targeted trans-splicing. Specifically, an L-21 ribozyme carrying a corrective lacZ "3′ exon" restored mutant lacZ target RNAs with high fidelity. In bacteria, complementation of β-galactosidase activity was achieved by translation of the product RNAs (2) . Following cotransfection of ribozyme and substrate plasmids in mammalian cells, the ribozyme revised up to 49% of the truncated lacZ RNAs (8) .
L-21 trans-splicing ribozymes have also been used to repair faulty transcripts associated with common genetic diseases. Phylactou et al. showed that a transsplicing ribozyme could be used to shorten the trinucleotide repeat expansion in the 3′ untranslated region of the human myotonic dystrophy protein kinase transcript found in individuals with myotonic dystrophy (9) . Toward a treatment for sickle cell anemia, Lan et al. used a trans-splicing ribozyme to convert sickle β-globin transcripts into mRNAs encoding an anti-sickling form of globin. Remarkably, this repair was demonstrated in erythrocyte precursors isolated from patients with sickle cell disease (10) .
Ribozyme designs in addition to L-21 ribozymes have been explored and show great promise for therapeutic application (11) (12) (13) . These versions extend the IGS from six to nine nucleotides. Also, analogous to P10 of the self-splicing intron, four to six nucleotides of complementarity between the intron and the 3′ exon are maintained. Finally, to increase complementarity of the ribozyme and the target transcript, an antisense region was appended to the 5′ end of the ribozyme. These modifications result in an "extended guide" design that was shown to be more effective than L-21 trans-splicing ribozymes in bacteria (11) . Using a trans-splicing ribozyme with an extended guide, cytotoxicity could be induced in yeast by specific trans-splicing of diphtheria toxin coding sequences onto a pathogenic viral target RNA (12) . Ribozymes with an extended guide have also been tested in mammalian cells with encouraging success. A trans-splicing ribozyme was recently used to repair mutant p53 RNA in human cancerous cells (13) . Of particular significance, the repaired transcripts were translated to produce functional wild-type p53 protein, as evidenced by activation of p53-responsive transcription units in a luciferase assay. This result was the first demonstration of protein activity produced by the translation of repaired RNA in human cells. Rogers et al. (14) repaired a mutant canine skeletal muscle chloride channel (cClC-1) with a trans-splicing ribozyme containing a large (4 kb) 3′ exon. Repair efficiency was low (1.2%) when ascertained by quantitative RT-PCR in a population of cells; however, patch-clamp analysis of individual cells yielded a wide range of repair efficiency, with 18% of cells showing some electrophysiological restoration and several cells showing complete restoration of wild-type function. These data suggest that efficiency varies from cell to cell and trans-splicing can restore protein function.
A new genetic approach using Group I trans-splicing ribozymes to destroy viral RNA to slow viral propagation while selectively destroying virally infected cells was developed to combat hepatitis C virus (HCV) infection (15) . A trans-splicing ribozyme was targeted to a site in the HCV internal ribosome entry site (IRES) present in all viral RNAs and used for capindependent translation of viral genes in mammalian cells. The 3′ exon contained the IRES sequence after the splice site fused in-frame to the diphtheria toxin A chain. After trans-splicing and IRES-mediated translation of the diphtheria toxin A chain, virally infected cells were destroyed by apoptosis. These data suggest that trans-splicing ribozymes can be used specifically and selectively to deliver new gene activities to virally infected cells. Finally, designing an extended guide in ribozymes that revised sickle β-globin mRNAs resulted in a greater fraction of substrate RNA repair. Up to 10% of sickle β-globin messages were converted to γ-globin transcripts when the reaction efficiency was measured in 293 cells (J. Byun et al., unpublished observations). These significant advances in using trans-splicing ribozymes in cell culture systems are promising for future animal studies.
Efficiency and specificity of ribozyme-mediated RNA repair Characterization of repaired RNA demonstrates that the fidelity of trans-splicing is excellent in cell lines. In all examined cases, sequence analyses of the amended RNAs demonstrated that the trans-splicing ribozyme formed the proper splice junctions between the targeted transcript and the restorative sequence. However, success in animal studies and future clinical application will likely require improvements in the efficiency and specificity of the reaction in vivo.
One factor that contributes to the overall efficiency of ribozyme-mediated RNA repair is the ribozyme's accessibility to its target RNA. One way to enhance repair efficiency may be to colocalize the ribozyme with the substrate (16) . Once the ribozyme is in proximity to its target, the ribozyme must also be able to access the targeted uridine residue. Some uridines may not be accessible due to the nature of the RNA secondary structure and/or bound proteins. Strategies to determine which uridines are most accessible in vivo have been reported (10, 13, 17) . The results from these studies indicated that multiple conformations of substrate RNAs exist in vivo and that only some of these conformations allow access to a trans-splicing ribozyme. In support of this observation, the use of two ribozymes targeting different sites on the same transcript was shown to enhance overall repair efficiency (17).
Figure 2
Schematic representation of RNA repair using a trans-splicing ribozyme. A Group I ribozyme delivers corrective sequences (3′ exon) to a mutant transcript. The ribozyme binds upstream of the mutation through base-pairing. Once bound, the ribozyme cleaves the target RNA, releases the downstream cleavage product, and splices the 3′ exon sequence onto the upstream cleavage product. M, mutant sequence; W, wild-type sequence corresponding to the mutated region.
Another factor affecting RNA repair efficiency is the efficient expression of the ribozyme. One of the challenges for constructing ribozyme expression cassettes is to design transcription units that will not reduce the ribozyme's efficacy. Pertinent to RNA polymerase II-mediated ribozyme expression, two recent studies have evaluated the ability of Group I introns to fold into a catalytically competent conformation (18, 19) . It was found that the extent of self-splicing is greatly influenced by the sequences flanking the intron and presumably reflects differences in the intron's ability to fold into an active conformation inside cells.
The specificity of ribozyme targeting is a challenge to therapeutic application, as it is in other trans-splicing strategies. Although trans-splicing should ideally occur only at the intended target RNA, such a high degree of specificity was not observed when using a ribozyme with a six-nucleotide IGS in the cellular milieu (7) . Low specificity may result in unwanted effects on the cell and reduce the efficiency of repair. Nevertheless, recent studies show promising advances toward increasing the specificity of trans-splicing ribozymes. Based on in vitro characterization of reaction kinetics (20) , rationally designed ribozyme mutants were shown to have increased specificity (21) . In yeast, trans-splicing ribozymes with an extended guide delivered a cytotoxic peptide sequence to viral transcripts. In this model system, specificity appeared very high since toxicity was not observed in the absence of the intended target (12) . In the case of therapeutic anti-sickling ribozymes, providing additional complementarity with five bp's of antisense, in addition to the nine-bp extended P1, was sufficient to achieve a certain level of discrimination of sickle β-globin transcript from wild-type β-globin transcript (J. Byun et al., unpublished observations).
Future directions
Despite the challenges of optimizing specificity and efficiency in vivo, results with trans-splicing ribozymes look promising. Trans-splicing ribozymes have now been successfully used to repair pathogenic transcripts in clinically relevant settings such as primary erythrocyte precursors from sickle cell patients and human tumor cell lines (10, 13) . Several technical hurdles must be overcome before ribozyme-mediated repair of mutant RNAs becomes useful in the clinic. Many of these obstacles are common to other gene therapy strategies, including development of appropriate gene delivery vehicles and efficient expression of the therapeutic ribozyme transcripts. RNA repair efficiency would be increased by optimizing RNA polymerase II-mediated ribozyme expression, which includes determining the fraction of the ribozyme that is folded into active conformation, as well as expression levels and localization of transcripts. Use of other promoters might be useful because the type of promoter and its context can determine the intracellular compartmentalization of the ribozyme. Also, more systematic experiments are needed to determine the proper level of ribozyme expression -one that will ensure reasonable efficiency while maintaining a high specificity. These hurdles are certainly surmountable given the progress in developing experimental systems to characterize and optimize ribozyme-mediated repair in cells.
Revision of DNA by Group II introns
A subclass of Group II introns consists of mobile genetic elements that insert into an intronless allele through a process called retrohoming (22) . Redirecting retrohoming introns so they insert into new target sites in DNA may allow Group II introns to be engineered as therapeutics (23) . One strategy would be to retarget introns to disrupt pathogenic genes. Alternatively, if exogenous sequences are embedded within the intron, new genetic information may be introduced into the genomic locus of interest. Although redirecting Group II introns is a technology still in its infancy, the potential to apply Group II retrohoming to mammalian genomes is an exciting prospect.
The Group II intron L1.LtrB, located in the ltrB gene of Lactococcus lactis, has been identified as a promising candidate for therapeutic development (23) . The mechanism of Group II intron mobility for L1.LtrB is outlined in Figure 3 . Following transcription of the LtrB precursor RNA, an intron-encoded protein called LtrA is translated. This multifunctional protein initially facilitates self-splicing of the catalytic intron (24) (25) (26) . The excised intron and LtrA then form a ribonucleoprotein (RNP) complex capable of mobilizing the intron into DNA. Both components of the RNP participate in cleaving double-stranded DNA at the site of insertion (24) . The intron RNA recognizes the target site via base-pairing between the exon-binding site (EBS) in the intron and the intron-binding site (IBS) in an intronless allele (Figure 3) . The LtrA protein also interacts with the target site, at nucleotides flanking the EBS-IBS pairing (6) . Following target recognition, the intron reverse-splices into the DNA. Then LtrA cleaves the DNA strand opposite the insertion site, nine nucleotides downstream of the intron. From this priming site, the intron is reversetranscribed by the LtrA protein. Presumably, cellular machinery completes second-strand synthesis and ligation of the DNA to complete the retrohoming of the L1.LtrB into double-stranded DNA target sites (23) .
Retargeting the L1.LtrB intron to insert into a gene of interest
Because the target site is specified mainly by base-pairing between the intron and DNA, Group II introns may be retargeted to new target sites in DNA by altering the sequence of the EBS. However, a few constraints must be met for a new target sequence to be recognized by the LtrA protein. Based on the biochemical characterization of LtrA interactions with the DNA, the intron was retargeted to the E. coli thyA gene (6) . Although the efficiency of the reaction was low, this demonstrated that the L1.LtrB intron may be retargeted to potentially any gene of interest by rational design.
An elegant study has recently refined the rules for retargeting the L1.LtrB intron (5). A plasmid-based mobility assay in E. coli was used to probe partially randomized target sites. A consensus target site was derived from the successful mobilization events (Figure 4a) . Any gene of interest may be analyzed for a potential target sequence and the corresponding EBS sequence can be engineered into the intron. It is estimated that the consensus sequence will appear in the human genome every several hundred nucleotides. Thus, a powerful new approach is available for the rational design of retargeted L1.LtrB introns.
In addition to rational design, a selection strategy has been developed in E. coli to discover suitable target sites for the L1.LtrB intron in a gene of interest ( Figure  4b) (5) . A library of Group II introns was generated by randomizing EBS sequences in the intron expression cassette. Corresponding IBS sequences in the cassette were also randomized to facilitate self-splicing of the transcribed precursors. As described in Figure 4 , successfully retargeted introns drive the expression of the tetracycline resistance gene in a recipient plasmid containing the target gene. Retargeted introns can thus be recovered from tetracycline-resistant bacteria. Both approaches to retarget the L1.LtrB intron -rational design and selection -were successful in revealing suitable target sites in therapeutically relevant genes (5) . The ability to use assays in bacteria to find intron sequences that insert efficiently into a mammalian gene of interest is a significant advance in the development of Group II introns as therapeutics.
Insertion into therapeutically relevant genes
Two genes were chosen to demonstrate the capacity of retrohoming Group II introns to insert into therapeutically relevant targets (5). HIV-1 pol and human CCR5 genes are required for HIV replication or infection of macrophages, respectively. Disruption of the pol gene in infected cells could protect them from destruction by the virus, while disruption of the CCR5 gene could render cells resistant to infection. These target genes were scanned for consensus recognition sites by computer analysis. In addition, introns that successfully integrated into the targets were identified using the selection scheme and a library of introns having randomized EBS sequences (Figure 4 ). Retargeted introns obtained by both strategies were shown to mobilize into DNA containing HIV pol and CCR5 genes in E. coli (5) . Several retargeted introns achieved mobilization frequencies (50-70%) that approached the mobility efficiency of the wild-type intron into its cognate target (>90%). These introns were chosen for further studies in mammalian cells.
To demonstrate that retargeted RNPs retain their retrohoming activity in mammalian cells, RNPs have been prepared in vitro and transfected directly into cells along with plasmids containing the target genes. Gene disruption of the HIV pol and human CCR5 genes was observed using PCR amplification and sequence analysis (5) . Although many questions about using Group II introns remain, these results are encouraging for the development of Group II introns to revise DNA in mammalian cells.
Therapeutic potential of retrohoming Group II introns
Exciting progress has been made in the design and engineering of Group II introns that can be inserted into new target sites. However, seminal questions remain unanswered with respect to using retargeted Group II introns in mammalian cells. Foremost, Group II introns must be shown to integrate sitespecifically into a genomic DNA target. To achieve this result, retargeted RNPs will need to be efficiently delivered to the nucleus of cells by either direct transfection or intracellular expression of the LtrA protein and the intron precursor RNA. Once localized to the nucleus, it remains uncertain whether RNPs will be able to access a target site that is packaged in eukaryotic genomic DNA. It is encouraging that bacterial protein endonucleases involved in cleaving both strands of DNA during homing of Group I introns are active in mammalian cells (27) . However, it is not certain that mammalian cells will complete the repair of DNA after reverse splicing and reverse transcription of the intron in genomic DNA. Mobility assays in mammalian cells where retrohoming integration products can be readily isolated will greatly facilitate such studies.
If retrohoming Group II introns can insert into genomic DNA, both the efficiency of the reaction and its specificity will need to be addressed and optimized. Fortunately, because the revised gene should be stably replicated and passed on to daughter cells, it may be possible to isolate and expand the modified cells ex vivo. In contrast to RNA repair, transient expression of the RNP should be sufficient to permanently alter a cell population.
Finally, we envision Group II introns to be effective therapeutics, not only for their ability to disrupt gene function but also to act as carriers of new genetic information. The LtrA protein is normally encoded within domain IV of the L1.LtrB intron. Other sequences may be added to or replace the LtrA open reading frame in domain IV and still retain Group II splicing and reverse-splicing activity (5, 23) . This raises the possibility that cDNAs or particular exons may be incorporated into the intron and delivered to a specific genomic locus. If realized, this technology could revolutionize genomic studies in mammalian cells as well as have a profound impact on the treatment of genetic disorders.
RNA-mediated alteration of gene expression is a promising addition to gene therapy protocols whereby the Group I intron can be used to alter cellular information at the RNA level and the Group II intron can be used to alter cellular information at the DNA level. However, several hurdles need to be overcome in the near future, including delivery, expression, and efficacy of the RNA therapeutic, for potent repair to occur in mammalian cells. In addition to their potential therapeutic value, these techniques can be used to investigate gene expression patterns in a cell or across a chromosome, or possibly even to address questions about genome organization.
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Figure 4
Rational design and selection of retargeted introns using a mobility assay in E. coli. (a) Rational design. Putative target sites may be searched in a gene of interest using the consensus sequence shown (N is any nucleotide). At positions where a subset of nucleotides is preferred by the LtrA protein, each preferred nucleotide is listed (in blue). The EBS of the intron is designed to base pair with the predicted IBS of the target (in red). Mobility is assessed in E. coli using donor and recipient plasmids as shown in b. (b) Selection of target sites. Retrohoming into the recipient plasmid activates expression of the promoterless tetracycline resistance gene (tet R , yellow box). The donor plasmid expresses the intron (L1.LtrB, in red) and associated protein (LtrA, in blue) following transformation into E. coli and isopropyl-β-D-thiogalactopyranoside (IPTG) induction of the T7lac promoter (P T7lac ). The intron is flanked by exon sequences (E1 and E2) required for self-splicing. **A library of introns is generated by randomizing EBS sequences in the intron. IBS sequences in E1 are also randomized to facilitate forward splicing of the library of precursors. A T7 promoter (yellow arrowhead) is located in domain IV of the intron. Selectable markers on donor and recipient plasmids are shown (amp R , cam R ). Transcription termination signals prevent Tet R expression in the absence of retrohoming. Retargeted introns are recovered from amp R , tet R colonies.
